In 1847, Karl Bergmann proposed that temperature gradients are the key to understanding geographic variation in the body sizes of warm-blooded animals. Yet both the geographic patterns of body-size variation and their underlying mechanisms remain controversial. Here, we conduct the first assemblage-level global examination of ÔBergmannÕs ruleÕ within an entire animal class. We generate global maps of avian body size and demonstrate a general pattern of larger body sizes at high latitudes, conforming to BergmannÕs rule. We also show, however, that median body size within assemblages is systematically large on islands and small in species-rich areas. Similarly, while spatial models show that temperature is the single strongest environmental correlate of body size, there are secondary correlations with resource availability and a strong pattern of decreasing body size with increasing species richness. Finally, our results suggest that geographic patterns of body size are caused both by adaptation within lineages, as invoked by Bergmann, and by taxonomic turnover among lineages. Taken together, these results indicate that while BergmannÕs prediction based on physiological scaling is remarkably accurate, it is far from the full picture. Global patterns of body size in avian assemblages are driven by interactions between the physiological demands of the environment, resource availability, species richness and taxonomic turnover among lineages.
ratios, thereby promoting cooling in warm, humid areas (Hamilton 1961; James 1970) . Because latitude provides a reasonable surrogate for decreasing temperature (Blackburn et al. 1999) , BergmannÕs rule is commonly discussed as a relationship between large body size and both low temperature and high latitude.
Despite much research, both the pattern and mechanism that Bergmann proposed remain controversial (James 1970; McNab 1971; Yom-Tov & Nix 1986; Geist 1987; Cousins 1989; Blackburn et al. 1999; Meiri & Dayan 2003) . Several studies of both endotherms and ectotherms have questioned the generality of both the pattern and mechanism of BergmannÕs rule (reviewed by Blackburn et al. 1999; Chown & Gaston 1999; Meiri & Dayan 2003; Meiri & Thomas 2007; Chown & Gaston 1999) . Furthermore, Rosenzweig (1968) argued that body size increases with increasing resource availability, rather than with decreasing temperatures. He claimed that low productivity sets a limit to the body sizes animals can achieve. Increased seasonality and low predictability of environmental conditions were likewise thought to select for large body size (Lindsey 1966; Boyce 1978; Geist 1987 ) because larger animals can survive starvation longer than smaller ones, especially when under cold stress (Calder 1974; Zeveloff & Boyce 1988) .
The increasing availability of animal distribution data has led to assemblage-or grid-cell-based examination of bodysize distributions, which involves averaging the body sizes of all species within a cell (Blackburn & Gaston 1996; Ramirez et al. 2008) . However, within species or lineages, size clines between assemblages can only be fully linked to classical explanations for BergmannÕs rule if higher-level processes are not prevalent. For example, species richness may influence body-size gradients if the shape of body-size frequency distributions changes with latitude (Cardillo 2002) . Furthermore, body-size gradients of assemblages may also be determined by a phylogenetically non-random set of species, rather than by selection on body size per se. For example, some major body plans may be phylogenetically constrained, and may only persist in certain environmental conditions. If these are associated with particular body sizes (e.g., all penguins are large and all are marine), then size distributions may change between different regions because of lineage turnover rather than because of direct selection for size. Additionally, body-size distributions consistent with lineage turnover may be expected if, for example, ancestral colonizations of high latitudes were by large-bodied taxa that subsequently diversified in situ (Blackburn et al. 1999; Meiri & Thomas 2007) , or if small-bodied taxa have been extirpated from colder regions. Patterns of migration may also drive gradients of body size (Blackburn & Gaston 1996) . If migratory species tend to be large-bodied, a positive relationship between body size and latitude is expected in summer, but if migratory species tend to be small-bodied, this same positive relationship would instead be expected in winter. The latter effect has been demonstrated in New World birds, by showing that the latitudinal trend in body size was much stronger when based on wintering than on breeding ranges of species (Ramirez et al. 2008) .
One of the key reasons that biogeographical patterns of body size in general, and BergmannÕs rule in particular, have remained controversial is that tests have been limited with respect to the geographical area that they cover, the taxa they include, the explanatory variables and spatial patterns considered, and the statistical methods used. Here we combine newly compiled databases on the body masses of 8270 bird species and the global geographic distribution of all living bird species (Orme et al. 2005 (Orme et al. , 2006 to explore global patterns of avian body size and their environmental and ecological correlates across grid cells , and to test for consistent geographic gradients in body size within higher taxa.
We generate maps of the global distribution of avian body size based on breeding ranges (Orme et al. 2005 (Orme et al. , 2006 and use them to test whether there are consistent trends with respect to latitude, temperature or temporal resource stability. We begin by testing whether species richness alone can explain body-size patterns, then test whether (1) body size increases with decreasing temperature (Bergmann 1847) , productivity (Rosenzweig 1968) or variability in productivity (Lindsey 1966; Calder 1974; Boyce 1978; Zeveloff & Boyce 1988) ; (2) median body sizes are lower in more species-rich assemblages (Brown & Nicoletto 1991; Cardillo 2002; Meiri & Thomas 2007) ; (3) island assemblages are characterized by intermediate body sizes (Clegg & Owens 2002) ; (4) latitudinal size clines are stronger once migration is accounted for (Hamilton 1961; Meiri & Dayan 2003) and (5) different biomes are characterized by unique size-temperature relationships. Finally, we test whether the observed body-size trends are explained by adaptation within lineages, as originally proposed by Bergmann, or by latitudinal turnover between lineages.
M A T E R I A L S A N D M E T H O D S
Body-size data and mapping Body masses of 8270 of 9702 species of extant birds were collected from 434 literature sources (online Appendix S1), following the taxonomy of Sibley and Monroe (Sibley & Monroe 1990) . Within-species sample sizes, where reported, ranged from 1 to 41 884 (mean 80.6 individuals; median 9). We mapped the body-size data onto gridded species breeding range maps using equal-area cells approximating to a 1°scale (Orme et al. 2005 (Orme et al. , 2006 . We calculated median body mass across all species within grid cells to obtain the global distribution of avian body size. We also identified the genera, families and orders represented in each cell and calculated the median masses at each taxonomic level from the median mass of all species within each taxon.
We calculated the number of species in each cell falling into each of the quartiles of the distribution of body size across bird species (under 15.5 g; 15.5-36.9 g; 37.0-138.8 g; over 138.8 g) in order to reveal differences in the distributions of large-vs. small-bodied species. We calculated linear models of biome differences in the relationship between body size and latitude using the biome occupying the largest land area within each cell (Olson et al. 2001) . These models used the mean of log 10 median body mass within latitudinal bands to remove longitudinal autocorrelation in the model. Similar models for island vs. continental assemblages used only those cells that contained only island or only continental landmass, therefore omitting many continental coastal cells. Species richness was recorded as the number of species in each cell for which body-size data were available.
Body size and species richness
Body-size gradients may result from non-random addition of small-bodied species in more species-rich areas (Cardillo 2002) . To examine whether such a mechanism can explain the geographic distribution of avian median masses, we generated a null body-size distribution by drawing species without replacement from the species pool 1000 times for each observed value of cell species richness. The probability of drawing a species was weighted by its range size such that large-ranged species were more likely to be drawn than small-ranged species. The 95% confidence intervals of the expectations from this randomization were then compared to the relationship between median log 10 body mass within each cell and the observed total species richness (Orme et al. 2005) .
Environmental data
Environmental variables were selected for their potential bearing on the mechanisms suggested to explain BergmannÕs rule, and we therefore used measures of temperature, primary productivity, degree of seasonality and the year-to-year variability of resources.
Mean annual temperature was determined using monthly temperature data averaged across the period , recorded at a 10-min resolution (New et al. 2002) . The same data were used to calculate the annual amplitude in temperature as the mean intra-annual temperature range across years. Productivity was measured by the Normalized Difference Vegetation Index (NDVI) using monthly log 10 -transformed remotely sensed NDVI averages across the period 1982-1996 at 0.25°resolution (The International Satellite Land-Surface Climatology Project Initiative II 2004). We included seasonality (absolute value of the difference between the October-March mean and the April-September mean), and the inter-annual coefficient of variation of NDVI.
We used additional environmental variables estimating habitat heterogeneity as covariates for similar reasons as species richness, that is, as median body mass may be influenced by habitat turnover independently of the climate predictors of interest. Habitat heterogeneity was estimated as the number of land-cover types occurring in a grid cell, computed using remotely sensed data for the 12-month period between April 1992 and March 1993 at 30-arcsec resolution with types classified following the Global Ecosystems 100 category land-cover classification (Olson 1994a,b) . Elevation range (maximum minus minimum elevation) was used as an alternative estimate of habitat heterogeneity, calculated from 30-arcsec resolution data (United States Geological Survey 2003). Finally, using the same data source, we tested the fit of mean elevation, as elevation (like latitude) is not strictly an ecological predictor but a spatial one that is allied to a number of climatic gradients we explicitly test. Nevertheless, we wished to establish its relative importance among single-variable models only (see below). Data for each environmental variable were re-projected and re-sampled to the same equal-area grid as the geographic range data.
Spatial analyses
We used log 10 median body mass as the response variable in our environmental models and included quadratic and linear terms as predictors to test for nonlinear associations. Because richness could either drive size patterns or respond to similar environmental conditions as size, we ran two sets of models: including and excluding species richness as a covariate. In both sets of models, the log 10 land area in each cell was also included as a predictor. To remove extremes of variation in land area that might dominate and ⁄ or distort environmental model results, grid cells with less than 50% landcover were omitted from the final dataset.
In addition to fitting non-spatial ordinary least squares (OLS) regressions, we fitted spatial generalized least squares (GLS) regressions using SAS version 9.1.3 (Littell et al. 1996) to test the fit of environmental predictors while accounting for spatial non-independence. The latter models included multiple exponential spatial covariance terms fitted independently within each biogeographic realm using a realm-specific range parameter (q), or distance over which autocorrelation between grid cells is observed to occur, as estimated from semi-variograms of OLS regression residuals.
For both OLS and GLS model sets, we first ran singlevariable models of both linear and quadratic forms of the environmental parameters. We then used a backwards removal procedure from the full model (excluding mean elevation, see above) to arrive at a minimum adequate model (MAM). The removal of predictor terms was based on the maximum decrease in AIC, hence the maximum increase in overall model fit, for the removal of each remaining term. We stopped removing terms when no term deletion further decreased AIC. While this does not achieve a best-fit model set in the same way as a full model selection procedure using all combinations of predictors, the latter was not computationally feasible given the numbers of predictor variables involved and the computational intensity of GLS regression. Nevertheless, our method is the next best option for incorporating some beneficial elements of an informationtheoretic approach to our model building. We used tolerance levels (Quinn & Keough 2002) to exclude the possibility of serious collinearity (tolerances > 0.1) in all models.
In order to determine the relationships between log 10 median body mass and each of our predictors, as indicated by the spatial GLS multipredictor model results, we plotted values predicted from the parameter estimates of the predictor in question against the linear term for that predictor, while holding all other predictors at their mean values. We compared the relationships predicted by GLS MAMs that include and exclude species richness.
Within-taxon analyses
To examine whether adaptation within lineages or turnover between lineages drives body-size clines, we regressed speciesÕ body masses on the median temperature in their breeding ranges within genera, families and orders (484 genera, 102 families and 23 orders with five or more species). We tested for the existence of an overall negative size-temperature relationship across taxa at each of these levels using a meta-analysis. Using FisherÕs Z-transformation of r and weighting by taxon species richness, we pooled the estimated correlation coefficients (r) within each taxonomic level and tested whether the weighted common correlation (Z + ) differed from zero (Hedges & Olkin 1985) .
Migratory effects
We used data from 2789 bird species for which we had data on migratory habits to examine the role of migration in generating the observed body-size gradients. We included only species with breeding and wintering ranges that could be assigned unambiguously to either tropical-subtropical or to temperate-polar regions. Unambiguously sedentary or migrant species were identified, along with other species exhibiting some range movements (nomads, partial migrants or elevational migrants). We divided the species into bodysize quartiles and used chi-squared tests to test for the dependence of body size and migratory behaviour in both tropical-subtropical and temperate-polar regions.
R E S U L T S Global maps of avian body size
Bird assemblages exhibit a strong, global, latitudinal gradient in body size (Fig. 1a,e ) with large masses being associated with higher latitudes. The median body mass of species within cells increases with absolute latitude both globally and within the northern and southern hemispheres respectively (Table 1) . Although there is a consistent latitudinal gradient in body size (Fig. 1e) , there is considerable variation within latitudes (Fig. 1a) . Latitudinal patterns of median body mass within biomes (Olson et al. 2001) show marked differences (Fig. S1a) in both slope (F 13,753 = 10.1, P < 0.0001) and intercept (F 13,766 = 39.7, P < 0.0001). For example, species assemblages breeding in the tundra have markedly larger body sizes given their latitude and, whilst showing considerable variation, Mediterranean forest assemblages reverse the overall trend, with larger body sizes at low latitudes. In addition, island assemblages (Fig. S1b) have larger median body sizes than those of mainland assemblages at similar latitudes (F 1,271 = 115.7, P < 0.0001) and median body size increases more rapidly with increasing latitude on islands (F 1,270 = 6.2, P = 0.014). These relationships often show considerable differences between the northern and southern hemispheres (Fig. S1 ).
Species richness and body size
Species-rich cells generally have right-skewed body-size distributions (Cardillo 2002; Meiri & Thomas 2007) and usually occur in tropical areas (Orme et al. 2005) (Fig. 2a) whereas species-poor cells, which tend to occur at high latitudes, on islands and in deserts (Orme et al. 2005) , are characterized by less-skewed distributions and larger median sizes (Cardillo 2002; Meiri & Thomas 2007) .
Maps of the proportion of total species richness in cells falling into the lowest and highest quartiles of the species body-size distribution (Fig. 2b,c respectively) show that small-bodied species are over-represented in many speciesrich regions (Orme et al. 2005) , and under-represented in species-poor regions (e.g. islands, deserts and polar regions). In contrast, large-bodied species are over-represented in tundra regions. The correlation between the skew in bodysize distributions and the number of species in the lowest body-size quartile (r = 0.73) is stronger than the equivalent relationship in the highest quartile (r = 0.56).
Random community assembly models, however, fail to capture the true relationship between median body size and species richness (Fig. 2d) . Simulations weighted by range size describe the associations between median size and species richness at some medium richness values (between c. 200 and 300 species) relatively well, but they poorly capture both the observed small median body sizes at high species richness, and the large median sizes observed in speciespoor cells. Thus, other mechanisms are needed to explain the geographic distribution of median body sizes.
Environmental drivers of avian body size
Multivariate MAMs based on spatial GLS regression showed considerably lower AIC values compared with equivalent OLS models fitting the same predictors (Table 2) , as well as with OLS MAMs achieved using backwards removal (Table S1 ), indicating that the GLS models were a consistently more accurate description of variability in body mass. Spatial MAMs show significant associations between median body size and species richness, temperature and resource availability. Species richness was the most important predictor of size in the spatial MAM. Other variables in the model predicting large body size were (in decreasing order of importance) low mean annual temperature, intermediate temperature amplitude, low elevation range, high interannual variability of productivity and high overall productivity (NDVI, only when controlling for species richness) ( Table 2 and Fig. 3 , see also Fig. S2 ). Mean productivity was the only predictor for which direction of slope was reversed when not controlling for species richness (excluding richness, the relationship is negative at most productivity values). While seasonality in productivity was maintained both in MAMs that did and did not fit species richness, it was only statistically significant in the former case, and even here, it had minor effects ( Table 2) . Spatial GLS and non-spatial OLS models that fitted each environmental predictor in isolation (while also controlling for species richness) gave broadly similar results to the spatial MAMs (Tables S2 and S3 respectively). Our analyses suggest that variation in species richness is the most influential variable affecting the median body size within grid cells. Variation in temperature is the main environmental correlate of avian body-size distributions, after controlling for species richness and spatial autocorrelation. We found a hump-shaped relationship between size and seasonality, as well as support for the hypothesis that resource availability has an important influence on the geographic distribution of bird body sizes (Fig. 3; Geist 1987; Blackburn et al. 1999; Meiri & Dayan 2003) .
Within-taxon analyses
To ascertain whether assemblage-level size clines result from adaptation within lineages (Bergmann 1847) or from turnover between lineages (Blackburn & Gaston 1996; Blackburn et al. 1999) , we tested whether the associations between body size and environmental factors were also present when comparing species within genera, families and orders, or whether patterns were present only when we examined all birds. There was no significant correlation between body size and temperature within the majority of genera (Fig. 4a , 430 ⁄ 484), families (Fig. 4b, 80 ⁄ 104) and orders (Fig. 4c,  15 ⁄ 23) . Only 37 genera, 20 families and six orders showed a significant, negative size-temperature association, while 17 genera, four families and two orders showed a significant positive correlation (Fig. 4, Table S4 ). However, because many lineages contain few species and we are performing multiple tests, we used a meta-analysis to test for an overall trend in the correlations between body size and temperature within genera, families and orders. For genera ( Fig. 4d ; Z + = )0.109, P < 0.0001) and families ( Fig. 4e ; Z + = )0.068, P < 0.0001), we found a significant overall negative association between body size and temperature. However, the relationship was not significant for orders ( Fig. 4f ; Z + = )0.016, P = 0.196). Significance is indicated as: ***P < 0.001. 
Species richness
Median log 10 mass (g) Figure 2 Global distribution of skewness in log 10 body mass (a) along with species richness of cells using species in the first (b) and fourth (c) quartiles of the avian body-mass distribution as a proportion of total species richness. The distribution of median mass in cells with respect to total species richness (d). Predicted 95% confidence intervals are also shown on expectations from a range-weighted randomization model (see Materials and methods).
Between-taxon analyses
Size increases with increasing latitude when all species are considered, and when we use a single, average mass value for all species within genera and all species within orders in each grid cell (Table 1 , Fig. 1b,d ,f,h). However, for families this is true only in the southern hemisphere (Table 1 , Fig. 1g) . Thus, the increase in size with latitude is driven, in part, by taxonomic turnover across latitudes: large-bodied genera and orders (and, in the southern hemisphere, also families) replace small-bodied ones at high latitudes. In the northern hemisphere, small-bodied families occupy mainly intermediate latitudes whereas large-bodied families are represented more at both equatorial and polar latitudes (Fig. 1c,g ).
Migratory effects
We found that frequencies of migratory behaviour are not independent of body size in either tropical-subtropical (v 2 6 ¼ 31:31, P < 0.0001) or temperate-polar (v 2 6 ¼ 29:79, P < 0.0001) regions (Fig. S3) . Small-bodied migratory species were significantly (Z = 2.95, P < 0.0001) overrepresented in temperate and polar regions (Table S5 ).
D I S C U S S I O N
We found strong support for a global BergmannÕs rule in birds, whether framed in terms of latitude or temperature: species living at high latitudes and in cooler climates tend to be larger-bodied than their relatives living at lower latitudes or in warmer climates. The negative relationship between richness and size is not simply reflecting the common influence of temperature and seasonality on both species richness and body size. The association between body size and species richness is the strongest factor affecting size even after the effects of temperature and seasonality are accounted for. While species richness was the strongest predictor of median body size, our weighted null model shows that richness alone underestimates median masses at species-poor cells, and systematically overestimates median masses in species-rich ones. Thus, a combination of community assembly and environmental factors is needed to explain avian body-size distributions. Significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. NDVI, Normalized Difference Vegetation Index; OLS, ordinary least squares; GLS, generalized least squares; SE, standard error; CV, coefficient of variation. Models are shown including and excluding species richness as a covariate. The estimated slope and SE are shown along with the F-ratio. AIC values are shown from spatial GLS models and non-spatial OLS models containing the same variables Mean temperature, temperature amplitude, inter-annual variability in productivity, and mean productivity were important correlates of size. However, while the positive relationships between size and both inter-annual variability of productivity and mean annual productivity were expected (Rosenzweig 1968) , the hump-shaped relationship between body size and temperate amplitude was not (Lindsey 1966; Calder 1974; Boyce 1978; Zeveloff & Boyce 1988) .
Our between-assemblage and within-lineage results are broadly consistent with patterns observed at the intraspecific level, in which body-size clines are typically explained by variation in temperature or seasonality (Meiri & Dayan 2003) . However, our results indicate that the observed bodysize patterns are not only due to adaptation within lineages, but also due to taxonomic turnover across lineages.
Although we found strong support for a body sizetemperature gradient consistent with BergmannÕs rule, it is clear that spatial patterns of avian body size are also driven by forces acting at the between-taxon and assemblage levels . Notably, body-size gradients are present at taxonomic levels above the species (generic to ordinal levels), indicating that taxon turnover at different levels may at least partly account for the geographic distribution of avian body sizes.
Island assemblages have larger median sizes than expected from their latitude alone. This may be a manifestation of the negative correlation between cell species richness and median body size (Brown & Nicoletto 1991; Cardillo 2002 ; this study). The body size of bird species has been shown to shift following the colonization of islands, due to ecological processes related to feeding, competition and heat balance (Clegg & Owens 2002 ) -a finding supporting the idea that the larger body sizes we observed on islands are at least partly adaptive. While it has been claimed that size evolution on islands drives species towards medium sizes (Clegg & Owens 2002 ; but see Gaston & Blackburn 1995) , we note that the cut-off between large and small sizes in that work (Clegg & Owens 2002) (321.4 g ) is well within the largest body-size quartile in our global dataset (over 138.8 g). The large median body sizes observed on islands may also be due, in part, to the number of seabirds that breed there (Gaston & Blackburn 1995) . Most species comprising typical ÔseabirdÕ families (i.e. Phaethontidae, Sulidae, Phalacrocoracidae, Spheniscidae, Procellariidae, Fregatidae) are large and breed partly or exclusively on islands. Island patterns would probably have been even stronger before the large recent extinction event following human colonization of most oceanic islands around the world, where mostly large-bodied birds went extinct (Blackburn & Gaston 2005; Steadman 2006) .
Body-size distributions may differ between areas of high and low species richness because of factors related to community assembly (Brown & Nicoletto 1991; Meiri & Thomas 2007) , rather than by direct adaptation to lower temperatures. Alternatively, species richness may represent a trade-off between body size and abundance: if resources are limiting, then given that abundance decreases with increasing size, an area can either support many small, abundant species or few large, rare ones (Cousins 1989; Blackburn & Gaston 1996) . Thus, species richness may be a consequence rather than a driver of body-size distributions. At present, we cannot readily distinguish between these possibilities. Greve et al. (2008) found that the body size in high-richness areas fell within the bounds of their null distributions. The discrepancy between these and our results is likely to be due to regional (South Africa) vs. global effects. Specifically, variation in global rates of speciation, extinction and immigration is expected to generate phylogenetically non- random species distributions, whereas at regional and local scales the phylogenetic pattern is probably much weaker. Furthermore, the range of variation in environmental variables in regional assemblages may be insufficient to drive strong patterns of geographic size variation . Most genera, families and orders did not show significant body size-temperature gradients, even when their geographical distributions encompassed large temperature variation (Fig. 4) . This may be due to the large number of small-bodied species that migrate away from cold and seasonal regions when not breeding (Fig. S3) . It can also reflect adaptations other than body size that increase fitness in harsh climates such as communal roosting (Marsh & Dawson 1989; Cartron et al. 2000; McKechnie & Lovegrove 2002) . Interestingly, we found that large-bodied migratory or nomadic species were over-represented in warm climates, potentially supporting a hypothesis (Hamilton 1961; James 1970 ) that large-bodied taxa are at a disadvantage in tropical conditions (Table S5 ).
Taken together, global distributions of avian body masses are not simply reflections of processes at and within the species level. While environmental variables, in particular temperature, are certainly important determinants of bodysize distributions, they cannot account by themselves for the whole, richly textured, pattern. Non-random patterns of community assemblage and geographic variation in the phylogenetic affinities of co-occurring taxa are also important drivers of global body-size distributions. 
S U P P O R T I N G I N F O R M A T I O N
Additional Supporting Information may be found in the online version of this article: Figure S1 Predicted trends in mean log 10 body mass, averaged within latitudinal bands, with absolute latitude from linear models (a) within biomes and (b) comparing continental and island cells. Figure S2 Global maps of the main environmental predictor variables: (a) mean annual temperature, (b) mean seasonality of NDVI and (c) inter-annual coefficient of variation in NDVI. Figure S3 Proportional prevalence of different migratory behaviours (resident -dark grey; other -medium grey; migrant -light grey), categorized by body-size quartile and preference for tropical-subtropical (a) or temperate-polar (b) regions of the globe. Table S1 Best-fit multivariate non-spatial ordinary least squares models of global patterns of avian body size in relation to environmental variables. 
